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Abstract 

The rapidity-rank structure of pp pairs is used to analyze the mechanism 
of baryon production in hadronic Z° decay. The relative occurrence of the 
rapidity-ordered configuration pMp , where M is a meson, and that of 
pp adjacent pairs is compared. The data are found to be consistent with pre- 
dictions from a mechanism producing adjacent-rank pairs, without requiring 
'string-ordered' pMp configurations. An upper limit of 15% at 90% confidence 
is determined for the pM p contribution. 
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1 Introduction 

Baryon production from hadronic Z° decays, as interpreted in string-fragmentation 
models, is pictured in Figure [I]. Hadronisation results from breaks in the string formed 
from the colour- neutral system which stretches between the primary quarks JT|. Breaks 
occur between virtual flavour-neutral q q pairs, with mesons formed from string elements 
containing an adjacent q and q. Baryons are thought to be formed when breaks occur 
between diquark-antidiquark pairs, the baryon being made from adjacent diquark and 
quark 0. A baryon and an antibaryon emerge as adjacent particles in rank along the 
string ('string-rank'), or possibly separated in rank with a mesonic state between them. 
Figure |l](a) represents the case where the diquark is assumed to have a sufficiently large 
binding energy that it acts like a fundamental unit. Another possibility is to produce an 
'effective diquark' through a step-wise process where two q q pairs are created, as shown 
in Figure |l](b). In this case a mesonic state also can be produced between the baryon 
and antibaryon, seen in Figure |](c). This has been referred to as the 'popcorn effect.' 

In this paper, a novel method, using the rapidity-rank structure of pp pairs, is used 
to study the mechanism of baryon production in hadronic Z° decay. A measurement 
of the relative frequency of occurrence of the rapidity-ordered configuration (i) pMp, 
where M is a charged meson, and (ii) pp adjacent in rapidity, is made to determine the 
magnitude of the popcorn effect. This approach provides greater sensitivity than that 
used in previous studies M. 

2 Data Sample and Event Selection 

This analysis is based on data collected with the DELPHI detector Q at the CERN 
LEP collider in 1994 and 1995 at the Z° centre-of-mass energy. The charged-particle 
tracking information relies on three cylindrical tracking detectors (Inner Detector, Time 
Projection Chamber (TPC), and Outer Detector) all operating in a 1.2 T magnetic field. 

The selection criteria for charged particles are: momentum above 0.3 GeV/c, polar 
angle between 15° and 165°, and track length above 30 cm. In addition, the impact 
parameters with respect to the beam axis and along the longitudinal coordinate at the 
origin, are required to be below 0.05 and 0.25 cm, respectively. These impact parameter 
cuts decrease the number of protons which result from secondary interactions in the 
detector. Also, protons from A and £ decays are largely removed. 

Hadronic events are selected by requiring at least three charged particle tracks in each 
event hemisphere, and a total energy of all charged particles exceeding 15 GeV. The 
number of hadronic events is ~ 2 million. 

Charged particle identification is provided by a tagging procedure which combines 
Cherenkov angle measurement from the RICH detector with ionization energy loss mea- 
sured in the TPC. Details on the particle identification can be found in reference M. In 
the present analysis, the combined-probability tag is required to be at the 'standard' level 
Hj. In addition, the polar angle for identified particles is restricted to be in the barrel 
region, between 47° and 133°. 

3 Rapidity- Rank Configurations pp and pM p 

This analysis studies pp correlations in the rapidity variable with respect to the 'thrust' 
direction. The thrust direction approximates the directions of the primary q and q, 
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especially for two-jet events. The rapidity, y, of a given particle is defined as |ln((£? + 
Pl)/(E — Pl)), where pi is the momentum component parallel to the thrust axis, and 
E is the energy calculated using the particle mass as determined from RICH and the 
measured momentum. The restriction is made that events have only 'one p and one p ' 
in a given hemisphere. Hemispheres are defined, one for positive y and one for negative 
y, with respect to the thrust direction. Each hemisphere is considered independently. 
The number of events with this selection is 27.6 thousand. The background to this event 
sample can be determined from the number of events that have two p's or two p's in a given 
hemisphere. These events, 10.1 thousand, result mainly fromp or p misidentifications and 
also from non-correlated baryon-antibaryon pairs (i.e., ap and p from different B B pairs). 
This yields a 63% purity, (27.6k— 10. lk)/27.6k, for the pp sample. 

A study of events from Jetset 7.3 f5|, including detector simulation, determined the 
pp pair detection efficiency to be ~ 35%, and the pp pair purity to be ~ 60%, consistent 
with the above-mentioned value. These values are nearly constant over the range of the 
analysis variable Ay min defined later. The efficiency is computed from the ratio of Jetset 
pp pairs detected, to the total number of pp pairs generated. The purity is obtained 
from the ratio of Jetset pp pairs detected and congruous with a generated pp pair, to 
the total number of pp pairs detected. 

The charged particles in each event are ordered according to their rapidity values as 
defined above. The rapidity-rank is defined as the position that a particle has in the 
rapidity chain. In the following, two types of rapidity-rank configurations for pp pairs 
are considered, and are shown in Figure 0. The first is when the p and p are adjacent 
in rapidity (ranks differ by one unit). The second is when the p and p have one or more 
mesons between them. The number of mesons is restricted to be at most three (the 
ranks differ by two to four units). This reduces the probability that the p and p may 
have come from different baryon-antibaryon pairs. It should be noted that the rapidity 
configurations only approximately portray the string-rank patterns as shown in Figure [TJ. 
This is because of the softness of the fragmentation function and of resonance decays 
which can mix the rapidity-ranks. 

Since adjacent particles separated by a small rapidity gap have a high probability to 
have 'crossed-over' (reversed rank), this study is performed as a function of the rapidity 
gap size. For pp adjacent pairs, the concern is that a meson close in rapidity to the p or 
p may have crossed-over from an original 'string position' which was between the pp pair. 
Correspondingly, for the pMp configuration, a meson on the outside of a pair on the 
'string' may have crossed-over to be between the p and p in the rapidity variable. 

To determine the relative amount of pp and pMp configurations in the data the 
following ratio is calculated: 

K(Ay min ) = N(pMp)/(N(pp) + N(pMp)), (1) 

where N(pp) and N(pMp) represent the number of rapidity-rank configurations of each 
type in the data sample, and are implicitly a function of Ay m i n , defined as follows. For 
the pp case, Figure ||(a), Ay min is defined as the absolute rapidity difference between 
the nearest adjacent meson to either p or p , whichever is smaller. In the pMp case, 
Figure 0(b), Ay min is defined as the absolute rapidity difference between either p or p and 
the particle in-between them, whichever is smaller. If there is more than one particle in- 
between, then the particle which is closest to being in the exact middle of the pp pair (and 
therefore least likely to have crossed over) is the one considered. With these definitions 
for Ay m i n , the probability that a given rapidity configuration will represent the actual 
rank order on the string will be enhanced as Ay min is made larger. 
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If the production of p and p are correlated, the rapidity gaps between a, pp pair are 
expected to be smaller than the gaps external to the pair. In the present data the average 
size of rapidity gaps between the p and p for the pMp case (0.18 units) is ~ 2/3 the size 
of the adjacent rapidity gaps for the pp case (0.26 units). To put the two cases on a more 
equal footing, the definition of Ay m i n for the pp case includes a multiplicative factor of 
2/3. This is arbitrary but it provides for a better balance of the two contributions when 
studying the ratio 1Z over a range of Ay min . Excluded from the analysis are events where 
the particle with the largest rank (i.e., smallest rapidity) is a p or p . This is to avoid the 
possibility that a low momentum particle may not have been detected (or reconstructed) 
and could have formed a small Ay m i n that was not considered. The above treatments are 
applied to both data and model. 

The ratio lZ(Ay min ) for the data is plotted in Figure §, as solid circles. Also shown are 
the predictions from Jetset 7.3 for the case when the relative fraction of the pMp string- 
rank configuration is zero and when it is 100%, indicated by open circles and squares, 
respectively. The errors are statistical. A background subtraction of like-sign pairs (pp 
and pp) has been applied to the data and model to remove contributions from uncorre- 
lated baryon pairs and from particle misidentifications. The possible effect of variations 
(of order ± 30%) in the fraction of protons coming from resonances (like Deltas) was in- 
vestigated, and found to be negligible. Standard DELPHI detector simulation along with 
charged particle reconstruction and hadronic event selection are applied to the events 
from Jetset 7.3 with parameters tuned as in reference ||. Since Jetset was run with 
a 50% popcorn contribution, pp pairs were separated into string-rank pMp (popcorn) 
and pp (non-popcorn) components using the information on rank-order stored with the 
Monte-Carlo events. The prediction for the case with no contribution from pM p is seen 
to fall for large Ay min , as expected. The case with 100% contribution might be thought 
to rise to the maximum value 1.0, but it flattens out possibly because contributions, for 
example, from pp pairs with a vr°('s) in between become relatively more important for 
large Ay min . As seen in Figure the data are consistent with no contribution (or little) 
from pMp string configurations. The x 2 between data and model was calculated as a 
function of the relative amount of pp and pMp configurations. The x 2 is minimum over 
the range below 5% popcorn contribution; and, an upper-limit contribution of 15% is 
determined at 90% confidence level. 

For completeness, the distributions, N(pp) and N(pMp), of the number of rapidity- 
rank configurations of each type as a function of Ay min , are displayed in Figure (|. The 
data are shown by the solid circles. The predictions for the case when the relative fraction 
of the pM p string-rank configuration is zero and when it is 100%, are indicated by open 
circles and squares, respectively. In accord with the analysis above, consistency between 
the data and the prediction for no-popcorn is evident for these distributions. 

4 The pp Rapidity Difference 

Previous studies of baryon-antibaryon (in particular, A A) rapidity correlations have 
claimed evidence for the popcorn effect ||. In these studies, distributions of the 
A A rapidity difference were compared to predictions from the string-model Jetset. To 
test the sensitivity of this method for the pp case, the distribution of the pp rapidity 
difference, Ay(pp), for the data was compared to the Jetset predictions for 100% popcorn 
and for no-popcorn contribution, as shown in Figure |5|. The thrust value was required 
to be greater than 0.96. A background subtraction of like-sign pairs (pp and pp) has 
been applied to the data and model. The all-popcorn assumption yields a mean value for 
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Ay(pp) that is 11% larger than that for no-popcorn; without the thrust requirement the 
difference is 5.5%. These values are in accordance with what is predicted in reference j7]. 
Even though this method is clearly not as sensitive as the one above-mentioned, it can be 
seen that the data prefer the no-popcorn prediction. The difference between the present 
result and that from A A experiments might indicate the importance of dynamical effects 
not incorporated in Jetset or simply the inadequacy of the popcorn model, although no 
firm conclusion can be drawn yet. 

5 Conclusions 

The rapidity-rank structure of p p pairs was used to analyze the mechanism of baryon 
production in hadronic Z° decay. By comparing the relative occurrence in the data of 
the rapidity-ordered configuration pMp , where M is a meson, to that of pp adjacent 
pairs with predictions from Jetset, it is found that the data can be explained without 
requiring 'string-ordered' pM p configurations. The production of adjacent-rank pp pairs 
is sufficient to describe the data. 
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Figure 1: Illustration of pp production in the string model. Each line represents a q q pair 
produced from potential energy in the string, (a) Production by a diquark-antidiquark 
pair (shown shaded) acting as a fundamental unit, (b) Through a step-wise process with 
two q q pairs forming an effective diquark-antidiquark pair, (c) Step-wise production with 
a mesonic state formed between the pp pair (referred to as the popcorn effect). 
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Figure 2: (a) An event hemisphere configuration with p and p adjacent in rapidity. The 
rapidity-gap, Ay min , indicates the distance to the nearest particle external to the pp pair, 
(b) An event configuration with a particle, M, between the p and p . The rapidity-gap, 
Aymin, denotes the distance of the particle, M, to the nearest of p or p . 
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Figure 3: The relative amount, lZ(Ay min ), of the pMp configuration as a function of 
Ay m i n . The data points are indicated by solid circles. The predictions from Jetset for 
two cases: no contribution from the popcorn effect (open circles) and all popcorn effect 
(open squares). 
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Figure 4: Distributions, N(pp) and N(pM p), of the number of rapidity-rank configura- 
tions of each type as a function of Ay m i n , in (a) and (b), respectively. The data points 
are indicated by solid circles. The predictions from Jetset for two cases: no contribution 
from the popcorn effect (open circles) and all popcorn effect (open squares). 
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Figure 5: The distribution of Ay(pp) for the data (solid circles), and the predictions of 
Jetset for no-contribution from the popcorn effect (open circles), and for an all-popcorn 
effect (open squares). 



